The tree is a fundamental living being. It contributes to nature and climate behaviour, as well to urban greening. It is also a source of wealth and employment. Most tree health inspection techniques are invasive or even destructive. Infrared thermography (IRT) is not invasive, and it has shown advantages when applied for inspection to trees and wood to detect deterioration or voids that could compromise its structure, stability, and durability. This study reviews the literature about IRT applied to a tree health inspection. It is framed in the context of the importance of trees for the balance of ecosystems, and the different techniques to detect tree deterioration. It highlights the difference when applied to wood or trees and the main factors that have been proven to cause disturbances in the thermal pattern of trees. The IRT, as other non-destructive methods, does not distinguish what type of damage it is, nor its causative agent. However, it enables identifying healthy and deteriorated tissues. The technology is very promising since it reveals that is efficient, fast, economical, and sustainable.
Introduction
The tree is a fundamental living being of ecosystems [1] [2] [3] . It contributes to regulating nature, climate, and urban greening [1] . It is also a source of wealth and employment [4] . Some trees are classified as natural and cultural heritage [5] . Trees provide enormous benefits, such as the ecosystems balance, prevention of desertification, and global warming, as well as the well-being of human populations and urban ecosystems [1] . However, trees are also prone to the risk of damage to people and assets associated with the falling of branches/trees, above all in urban spaces [6, 7] . Risk increases when they have defects because it compromises their health and stability. Consequently, the safety of people and goods are compromised. To support decision making about trees, it is essential to monitor their health condition to understand their biological viability, cost-effectiveness, and associated risks.
The first discovery of the infrared spectrum was made by Herschel in 1800 during his study about optical filters to reduce the brightness of the sun in telescopes [8] . In his findings, Herschel also observed that these new rays had similar behaviour to the visible ones, i.e., they were absorbed, transmitted, refracted, and reflected [9] . The first thermal image (thermograph) was obtained by Herschel in 1840, by experiments with differential evaporation of a film of oil submitted to a heat pattern [8] . However, the crucial mark in the sensitivity of infrared detection was achieved by Langley in 1880 through the invention of the bolometer. The first infrared camera was developed by Tihanyi in 1929 and was applied for anti-aircraft defense by the British army [10] . The first uses of Infrared thermography (IRT) in trees was the assessment by infrared imaging of the crown condition, using monochrome and false colour films [11] . IRT is a non-contact technology that allows detection of damaged tissue in real-time. It is based on the detection of thermal differences between healthy and damaged zones. This review paper concerns identifying the IRT effectiveness for inspection of the health of trees. For that purpose, this review was structured as follows. It starts with the research methods and then the importance of trees and their classification. The mechanism that trees use to protect themselves, as well as risks associated with them, and the way they should be managed, is referred to. Some methods and inspection techniques are also mentioned. The importance of sustainable techniques of inspection is highlighted. Principles of IRT, usefulness, and relevance are mentioned. A description of the IRT application for inspection of trees is done, and several experiments are described. The main differences between wood and tree properties are reviewed. Finally, the advantages and limitations associated with the use of IRT are described.
Materials and Methods
A database query research paper was carried out in B-on, DOAJ, Google Scholar, Microsoft Academic, ProQuest, SciELO, ScienceDirect, Scopus, and Web of Science. The review was done in Portuguese, English and Spanish. It was carried out between October 2018 and February 2019. The keywords were: Infrared thermography, inspection, inspection techniques, non-destructive, non-invasive, sustainable, monitoring, classification, deterioration detection, relevance, benefits, risks, management, tree, tree heritage, and timber. The keywords were combined with each other. Articles from the reference list of reviewed papers were also taken into account. Whenever combinations of keywords were found, the abstracts and keywords were read. When the abstract proved to be insufficient for classification, the full article was read. The selected articles were classified according to sections, subsections, and theoretical references. The gathered data was organized by type of item, title, authors, abstract, keywords, and classification. These procedures facilitated the identification and analysis of the main references used by the authors, as well as citation frequency. All possible contributions to the application of IRT for health tree monitoring were considered. Duplicate references were withdrawn. A total of 239 papers were collected, of which only 81 papers were selected.
Tree Relevance and Risks
In 1950, the world's urban population was 30%; nowadays, the urban population reached 55%, and by 2050, 68% of the world population is to probjected to live in urban areas [12] . That is, the urbanization in the world population is increasing. Trees and green spaces play important roles in integrating the inhabitants into their urban communities. Trees provide well-being and quality of life; they establish the connection of inhabitants with the natural world and contribute to the mitigation of climate change. Urban trees provide numerous benefits for their inhabitants, but they are also prone to risk [6, 13, 14] .
Trees interact with the surrounding environment, making it more pleasant. The basic function of trees is the improvement of air quality. Trees reduce the rainwater flow, allowing the infiltration into underground aquifer environments. Trees increase biodiversity by providing shelter for wildlife. Trees provide wind protection to people and animals since their leaves alter the direction and the speed of the wind. The tree roots hold the soil, and the tree canopy protects the soil from falling rain. Trees reduce urban noises and promote a sense of calm and rest. Trees create spaces for recreation and tourism. Consequently, trees favour the reduction of stress and even crime, since public open space with trees tends to be used much more than space without trees and this increases surveillance [15] . They influence on the decrease of energy consumption in the summer season, providing shade and a low incidence of solar radiation [16] . Trees have influence in the increasing the property value, if they are in or even outside the property. Trees produce aesthetic benefits because they decorate the urban landscape and enhance the season' landscape [14, [17] [18] [19] [20] .
Trees interact in the ecosystem. They are exposed to aggression caused by birds, insects, animals, fire, atmospheric conditions, or even human beings during their activities, and these interactions could result in wounds, which act as entrance doors for pathogenic microorganisms. Trees have developed a system of compartmentalisation known as CODIT (Compartmentalization of Decay in Trees), described by Shigo and Marx [21] . In this system, chemical and physical barriers are created; cells undergo changes to form four types of walls around the wound; the walls are organized in axial, radial, and tangential directions. They act against the proliferation of pathogens by isolating the wounded tissues and thus impeding their dissemination to prevent/mitigate tree deterioration [22] . Wood deterioration and trees ageing are natural processes, but they carry on risks to the tree itself, as well as people and property [23] .
On the other hand, some trees are of special interest because of age, size, physical characteristics, as well as cultural and historical connections [5] . Some examples of classification are:
•
Heritage: trees that are linked to history and culture; trees that are rare and/or botanically relevant (see for instance Reference [24] ).
Notable: trees that have reached maturity stand out from their surroundings because they are larger than the trees around them (see for instance Reference [25] ). • Ancient: trees that have overpassed the maturity and despite the hollow trunk they continue to be healthy. Their value is intrinsically linked to their age (see for instance Reference [26] ). • Veterans: trees that survived wounds and deterioration (decay); young trees that developed old trees characteristics (see for instance Reference [27]).
Nevertheless, trees are also a risk factor for people and property. Large numbers of imposing trees characterize most urban gardens and avenues. These trees are subjected to undergoing stress hostile environment characteristic of urban centres, and very often under poor management. As a consequence, many are unhealthy, and a damaged tree poses a threat to people safety [11] . Three people die each year as a result of falling trees in public spaces in the United Kingdom. It is a low risk when considered that one in 10 million die as a result of it [6, 7] . While there is a low rate of tree incidents, it ends up altering the risk perception. The risk perception of the falling tree has led tree managers (owners and managers of urban green spaces) to knock down trees at the slightest sign of danger. Tree felling is being aggravated, as who is responsible for tree management bear the costs and legal duties related to trees, meanwhile the public benefits of trees without knowing about their management issues [6] . In order to continue providing benefits, it is crucial to managing trees in such a way as to minimize risks and conflicts they may cause [20] . However, the safety of people and goods are not the only factor to take into account. Environmental and aesthetic factors are also considered when assessing costs and benefits [6].
As described above, trees represent enormous environmental and social benefits, but they are also a source of risk. The aim of tree health monitoring is, consequently, multifunctional. There are techniques to tree health inspection that support decision making related to trees management, in which the IRT presents several specific advantages [11] .
Methods and Techniques of Inspection
VTA (Visual Tree Assessment) is an inspection method for tree diagnosis. It was developed by Mattheck and Breloer (1994) , and according to VTA, interprets the body language of trees and provides the expert with failure criteria [28] . The method consists of three steps: a) External visual inspection in search of evidence of internal damage; b) the use of diagnostic tools for confirmation and measurement of damage; and c) assessment of damage extent and failure risk.
Instruments for Detecting Deterioration
Visual inspection alone does not provide enough evidence of internal damage extent. Then, additional diagnostic tools are required. According to several authors, those tools are classified as:
•
Invasive and non-invasive: invasive instruments require drilling for deep penetration in the sapwood through one or more holes; the sapwood is living wood. Non-invasive instruments do not need contact, or they penetrate superficially in the sapwood. It is noted that any type of wound is an entry for pathogens into the tree [29] .
• Destructive and non-destructive: Unlike the destructive instruments, non-destructive ones allow the identification of damage presence or not in the trees without causing harm [30] . Then, non-contact instruments are considered as non-destructive. Table 1 shows only non-contact instruments since they were considered non-destructive.
Screening, diagnostic and evaluation: Screening tools allow a quick assessment to identify healthy and non-healthy trees. Diagnostic instruments allow a more accurate assessment, but require more time to identify the extent and type of damage in the tree. An intermediate method is an evaluation; it is a combination of screening speed and diagnostic accuracy methods [31] . Table 1 summarizes the main instruments for deterioration detection in trees, allowing to relate the purposes of the instruments to the invasive or destructive nature.
Sustainable Techniques Relevance
Besides IRT, the equipment performance evaluation and its advantages/disadvantages for detecting tree deterioration are briefly described in Table 2 , and more details can be found in References [29, 31] . It is noted that invasive techniques can increase tree damage [22] , and radiation exposure is life detrimental for any living thing [11] . Inspection equipment must be safe for users and people around. It is therefore relevant to choose sustainable equipment. This type of equipment maintains a good relationship between portability, use speed, and they are not invasive or ionising. Besides, they have low running costs due to low energy consumption and low use of consumables [32] . Table 2 . A short summary of the techniques for detecting trees deterioration.
Technique Principle and Brief Description Key Highlights
Increment borer [29] Visual inspection: a sample of tree core is extracted for visual inspection.
Measures tree growth rate, age and soundness.
Requires experience of decay potential causes. Invasive method (it may itself be a decay factor).
Boroscope [29] Remote visual inspection: the tree trunk is drilled and it is used a small video camera to observe inside.
Enables visual confirmation from inside. Same disadvantages of the technique "Increment borer".
Resistograph [33] Penetration resistance: a small drill/needle is inserted into the tree; drilling resistance is measured and registered.
Fast and easy to execute as well as interpret the graph. Does not detect early to intermediate decay stages; Requires comparison with known patterns (samples without decomposition). 
Shigometer [34, 35] Electrical resistivity: a pulsed direct electric current generated by electrodes is applied into a drilled hole; it goes into the wood or the tree bark; electrical resistance is measured and registered.
Detects deterioration in early stages. The information is limited by the probe length.
Fractometer [28, 35] Strength and stiffness: it measures radial bending fracture strength and stiffness value.
Small device and easy to carry. Portable compression meter has depth limited.
Stress wave velocity [35, 36] Single-path acoustic wave velocity: detects cavities by measuring the acoustic wave velocity as it passes through the tree stem.
Quickly performed; defines the location and extent of internal decay. Difficult to determine early stages of decay.
Electrical resistance [29, 37, 38] Electrical resistivity: resistivity is determined from the voltage difference between electrodes when the electricity is injected.
Effective to detect advanced stages of tree decay.
Stress wave tomography [38] Multiple path acoustic wave velocity: the tomogram is obtained by measuring and registering the sound waves travel time generated by acoustic transducers positioned around the circumference of the tree stem.
Detects internal decay; accurately locates the anomalies; sensitive to early stages of decay.
High cost and difficult to operate.
Electromagnetic tomography [31, 38, 39] Electromagnetic wave permittivity: the tomogram is obtained by variations in the return signal. The variation is reflected by the receiving antenna when the electromagnetic wave emitted by the transmitting antenna encounters a boundary with a different dielectric constant.
Higher frequencies provide better resolution but penetration depth decreases. High cost and difficult to operate.
Nuclear magnetic resonance (NMR) [29, 40] Magnetic properties: uses the magnetic properties of certain atomic nuclei (as the hydrogen nucleus). They are aligned and oscillated using a strong magnetic field in the scanner.
Non-ionising radiation; delivers very detailed images that facilitate the analysis of the structure and function of the tissues. High cost and difficult to operate.
Electronic nose [41] Odour: it distinguishes healthy and decayed wood through changes in the volatile organic compounds released by wood decay fungi.
Provides high levels of accuracy and reliability. Difficult to determine early stages of decay.
Gamma-ray computed Tomography [31, 42] Gamma-ray transmissivity: the tomogram is obtained from radiation absorption after directing gamma rays in multiple directions on a tree trunk thin slice.
Reliable and non-invasive; evaluates fungal decay and its extension. Ionizing radiation; high cost and difficult to operate; difficult to carry.
Infrared Thermography Applied to Trees

Principles of IRT
Infrared thermography (IRT) is a non-contact, non-destructive, and non-invasive technique that allows the detection of radiated heat energy from objects and bodies in the infrared range of the electromagnetic spectrum (wavelength range between 0.8-14 µm [43] ). The conversion of infrared energy into visible imaging is possible through instruments that produce false-colour images, such as an infrared camera [44] . The principle underlying IRT is a method or equipment, which detects IR energy emitted from a surface, converts it to temperature, and displays the image of temperature field [43, [45] [46] [47] [48] [49] [50] . The fundamental concept behind it is that all bodies (alive and non-alive) have temperatures above absolute zero degrees (0 K) and emit infrared radiation that is captured by equipment capable of transforming that energy into pictures. The internal structure of the body shows different thermal behaviour depending on the health conditions of its parts. The differences in thermal behaviour result in differences in the colour pattern of the body surface image. Figure 1 illustrates the heat transfer processes involved in a thermographic measurement. When the camera views the object, it receives radiation from the object, from the ambient between the camera and the object's surface, and from the atmosphere itself [8] .
Agriculture 2019, 9, x FOR PEER REVIEW 6 of 15 Figure 1 illustrates the heat transfer processes involved in a thermographic measurement. When the camera views the object, it receives radiation from the object, from the ambient between the camera and the object's surface, and from the atmosphere itself [8] . The total received radiation power that the camera receives is equal to the sum of the emission of the object (ε τ Wobj), the reflected emission of environmental sources ((1 − ε) τ Wrefl), and the emission from the atmosphere ((1 − τ) Watm). This is represented in the following equation (equation 1):
Air transmittance Wobj Emission from the object Wrefl Reflected emission from ambient sources Watm Emission from the atmosphere The appropriate infrared camera selection depends on the characteristics of the object to be inspected, the atmospheric conditions, and the observation distance. Depending on the wavelength in the infrared range of the electromagnetic spectrum, much of the radiation is absorbed by the atmosphere. Lower absorption allows more radiation to reach the camera sensor. It happens at bands: Mid-wavelength infrared (MWIR) between 2 µm and 5 µm, and long-wavelength infrared (LWIR) between 8 µm and 14 µm. Limitations: Atmospheric humidity influences MWIR cameras, and LWIR cameras may capture optical and electronic noise [43] .
The object emissivity depends on several factors such as wavelength. The emissivity is also highly sensitive to the nature and type of the material surface. As the emissivity increases, the The total received radiation power that the camera receives is equal to the sum of the emission of the object (ε τ W obj ), the reflected emission of environmental sources ((1 − ε) τ W refl ), and the emission from the atmosphere ((1 − τ) W atm ). This is represented in the following equation (Equation (1)):
where: The appropriate infrared camera selection depends on the characteristics of the object to be inspected, the atmospheric conditions, and the observation distance. Depending on the wavelength in the infrared range of the electromagnetic spectrum, much of the radiation is absorbed by the atmosphere. Lower absorption allows more radiation to reach the camera sensor. It happens at bands: Mid-wavelength infrared (MWIR) between 2 µm and 5 µm, and long-wavelength infrared (LWIR) between 8 µm and 14 µm. Limitations: Atmospheric humidity influences MWIR cameras, and LWIR cameras may capture optical and electronic noise [43] .
The object emissivity depends on several factors such as wavelength. The emissivity is also highly sensitive to the nature and type of the material surface. As the emissivity increases, the influence of parasitic reflections diminishes. Metallic materials have low emissivity as they are highly reflective, whereas nonmetallic materials are high emissive and low reflection, leading to a better measurement [43, 51] . Handling and interpretation of IRT information need cameras equipped with screens to visualise the energy emitted in the image format. The recording is an accessory that allows comparison between thermograms to follow the evolution of cases/pathologies [11] . It is also advantageous when the camera is equipped to capture thermograms and photographs simultaneously. It is preferably an integrated illumination accessory in the case of low illumination; this feature facilitates data interpretation [52] .
There are two main thermographic procedures: Passive and active modes. In the active procedure, an external energy source is used to obtain the thermal contrast into the object of study. Different processes can trigger the heat flow, for example, thermal sources like lamps or heaters. The defects and damages on or near the object surface cause thermal discontinuities producing thermal contrast. It is detected during the thermographic inspection. In the passive procedure, the thermal contrast is generated by natural sources such as sunlight [44, 50] . In most of the thermographic application scenarios, it is necessary to introduce an emissivity factor to calibrate the camera temperature measurement. The determination of the correct emissivity value of a specific wood remains a relevant issue [8] .
IRT can be applied to both wood and tree plantlets to identify deterioration and voids that may compromise the structure, stability, and durability. Defects within the object disrupt the flow of energy and cause temperature differences on its surface. The thermal contrast results from differences in radiation emission that are registered by the thermal camera [43] .
Wood and Trees
Wood and trees have significantly different thermal characteristics. That is, they differ in the variables that determine the temperature, density, humidity, thermal conductivity and thermal diffusivity, specific heat, convective coefficient, and emissivity [53] [54] [55] .
After determining the density and the remaining properties of a species of wood, it is possible to predict its thermal behaviour. Therefore, when biodegradation changes the density and humidity of the wood, it also changes the thermal behaviour and temperature distribution along the surface [55] [56] [57] [58] . Figure 2 shows the conventional photograph of a wood sample surface and its thermogram obtained in the active IRT procedure. By the active mode, this type of nodes and cracks show colour heterogeneity in relation to the general pattern denoting higher temperature. As shown in Figure 2 , the cracks are barely visible in the photograph, but they are well seen in the thermogram [50] . defects and damages on or near the object surface cause thermal discontinuities producing thermal contrast. It is detected during the thermographic inspection. In the passive procedure, the thermal contrast is generated by natural sources such as sunlight [44, 50] . In most of the thermographic application scenarios, it is necessary to introduce an emissivity factor to calibrate the camera temperature measurement. The determination of the correct emissivity value of a specific wood remains a relevant issue [8] .
After determining the density and the remaining properties of a species of wood, it is possible to predict its thermal behaviour. Therefore, when biodegradation changes the density and humidity of the wood, it also changes the thermal behaviour and temperature distribution along the surface [55] [56] [57] [58] . Figure 2 shows the conventional photograph of a wood sample surface and its thermogram obtained in the active IRT procedure. By the active mode, this type of nodes and cracks show colour heterogeneity in relation to the general pattern denoting higher temperature. As shown in Figure 2 , the cracks are barely visible in the photograph, but they are well seen in the thermogram [50] . The sap circulation causes the temperature gradient to vary along the trunk, and trees with more available water have better sap circulation [59] . This characteristic allows the differentiation between functional and dysfunctional tissue since the transport is done through the functional tissue. Therefore this feature allows that health and vitality can be verified, however, does not allow extrapolation of its thermal behaviour to the other trees, even of the same species, in order to identify The sap circulation causes the temperature gradient to vary along the trunk, and trees with more available water have better sap circulation [59] . This characteristic allows the differentiation between functional and dysfunctional tissue since the transport is done through the functional tissue. Therefore this feature allows that health and vitality can be verified, however, does not allow extrapolation of its thermal behaviour to the other trees, even of the same species, in order to identify damages. In fact, even for the same type of pathology, trees must be analyzed on a case-by-case basis [52, 60] . Actually, two damaged trees of similar species, even when they have the same pathology, can generate different thermal patterns, because the availability of water to which the tree is subject is different and varies the temperature gradient along the trunk/tree. Thus, the temperature pattern, which allows the identification of functional or dysfunctional tissues, is unique for each tree. Figure 3 shows the difference in surface temperature between a tree and a wooden stake [2] . The tree analysed was a specimen Prunus domestica L. (common name plum-tree) that was observed about 4 h after the sunset in the summer. The authors used an emissivity of 0.97 and a Rainbow colour pallet. During the observation, the atmospheric temperature was 22.5 • C, and the relative humidity was 55%. Most of the wooden stake presented a lower temperature than the tree, except its lower part. The lower part of the wood stake showed a slightly higher temperature compared to the lower trunk because the tree was irrigated before observation. The tree keeps a balanced relationship with the environment temperature, so tree temperatures are usually lower than the atmospheric temperature when the sun heating effect is over [61] . Therefore, the tree in Figure 3 showed higher temperatures in the healthier parts and lower temperatures in the deteriorated parts, as well as in parts where the tree was recently water wet [46] . the environment temperature, so tree temperatures are usually lower than the atmospheric temperature when the sun heating effect is over [61] . Therefore, the tree in Figure 3 showed higher temperatures in the healthier parts and lower temperatures in the deteriorated parts, as well as in parts where the tree was recently water wet [46] . IRT is commonly applied to wood in laboratory ambient. In fact, the lab is the first selected scenario because it is possible to control several environmental parameters (humidity, temperature, and luminosity), the thermal energy of the material, as well as the easy manipulation. Some studies in the lab have induced damage in the samples to verify the ability of IRT to detect wood degradation [55, 56, 62] . In the case of trees, most thermographic studies are performed on trees that are already programmed to be felled or when it is possible to observe the anomalies without causing damage [60, 61] .
The application of IRT to wood has been used for diverse purposes. Inspection of wood pieces quality in a production line is presented by Reference [63] . The results showed that TIV can be used to mark the debonded areas or to completely remove materials from the assembly line. IRT associated with ultrasonic equipment in the inspection of historic buildings is given by Reference [64] . Oratorio San Felipe Neri in Cadiz, Spain, was analyzed, and the authors conclude that the union of the ultrasound technique and the thermography represents a good tool for wooden structure inspection. IRT associated with ultrasonic equipment, supported by laboratory analyses of timber samples in the inspection of the Aslanhane Mosque in Ankara, Turkey, which can be found in Reference [65] . The combined analysis of these techniques was done to evaluate the condition of the structural elements of wood in terms of their state of preservation, moisture problems, and recent incompatible repairs IRT is commonly applied to wood in laboratory ambient. In fact, the lab is the first selected scenario because it is possible to control several environmental parameters (humidity, temperature, and luminosity), the thermal energy of the material, as well as the easy manipulation. Some studies in the lab have induced damage in the samples to verify the ability of IRT to detect wood degradation [55, 56, 62] . In the case of trees, most thermographic studies are performed on trees that are already programmed to be felled or when it is possible to observe the anomalies without causing damage [60, 61] .
The application of IRT to wood has been used for diverse purposes. Inspection of wood pieces quality in a production line is presented by Reference [63] . The results showed that TIV can be used to mark the debonded areas or to completely remove materials from the assembly line. IRT associated with ultrasonic equipment in the inspection of historic buildings is given by Reference [64] . Oratorio San Felipe Neri in Cadiz, Spain, was analyzed, and the authors conclude that the union of the ultrasound technique and the thermography represents a good tool for wooden structure inspection.
IRT associated with ultrasonic equipment, supported by laboratory analyses of timber samples in the inspection of the Aslanhane Mosque in Ankara, Turkey, which can be found in Reference [65] . The combined analysis of these techniques was done to evaluate the condition of the structural elements of wood in terms of their state of preservation, moisture problems, and recent incompatible repairs that affect them. This combination of techniques was reported as useful in assessing the reliability of timber, increasing the accuracy and effectiveness of the survey, facilitating and distinguishing the work of urgent intervention from long-term conservation programs. The detection of termite pests in wood or wood-clad structures is analyzed by Reference [66] . The author points out that TIV enables finding two basic elements that an inspector looks to identify the presence of pest infestation: Areas exhibiting anomalous elements that could be associated with the presence of moisture or hot spots and the presence of subsurface defects. Additionally, in large wooden structures such as a railway bridge where, in addition to other techniques, the IRT was used to identify a rapidly significant amount of structural damage that was not identified by other techniques [67] .
Analysis of Tree Health
The thermal contrast captured by the thermal camera only represents the temperature on the surface of the tree bark. However, the tree bark near deteriorated tissue and voids show a lower temperature than the area around it. As in wood, tree deteriorated tissue and voids undergo a change in their thermal properties. Whenever there are significant differences in the thermal properties of the wood and tree bark, they can be detected by IRT [60, 68] . IRT applied to trees and offers a means to differentiate damaged and deteriorated tissue from healthy tissues. However, due to the specific characteristics of each species, whenever a species is evaluated for the first time, it is advisable to observe the representation of the thermal pattern of the tree bark in the thermal image for better results interpretation [11] .
The first use of IRT in trees was for aerial surveillance of the canopies to detect the distribution and spread of forest damage [60] . Later, IRT was applied to tree bark (trunks and branches), and it is now possible to evaluate some types of damage in the lower trunk and to deduce the cause that affects roots (root system) [60, 69] .
Several factors affect tree health, and consequently, can change the thermal properties of the tree trunk and branches. Some of the conditions that IRT can identify are described below, namely, diseases, pest attack, water stress, and formation of new functional tissue.
Regarding diseases, the application of IRT in the detection of tree bark lesions such as hemorrhagic cancers caused by Phytophthora spp., even before its consequences can be detected with the naked eye [60, 70] . Fungi such as Inonotus hispidus (Bull.) P. Karst., Phellinus punctatus (Fr.) Pilát, Coriolus pubescens (Schumach.) and Corticium sp. were found in samples taken from the woody material of platan previously analyzed by IRT [71] .
IRT can also be used for detection of insect pests on trees. Insects attack both leaves for feeding as well as trunks for their habitat, feeding, and egg-laying. While trees have a certain tolerance to pest attack on their leaves, it repeated attacks and factors such as poor irrigation, flooding, and inadequate trimming generate greater stress on the tree and consequently compromise its ability to regenerate or resist. On the other hand, larvae and insects create wounds, and these wounds make the trees susceptible to other pathogens. Some larvae can dig deep into the trunk creating tunnels that ultimately affect the transportation of nutrients and water causing rapid tree deterioration. Some of the insects recently detected by IRT were: White Pine Cone Beetle, Australian 'fire-beetle', Citrus Long-horned Beetle, Woodworm, and Red Palm Weevil (RPW) [72] . However, the IRT was not able to detect larval stage insects in some young tree species, as in the case of goat moth larvae. A hypothesis was the thermal adaptation of the larvae to the environment, that even with the elevation of temperature due to the effect of the activity of the larvae, it was not sufficient to detect them [73] .
IRT is also applied for trees water stress assessment. The temperature in the canopy is an indicator of the amount of water available in the soil because the leaves transpiration is a mechanism to dissipate excess energy (heat). The tree uses surplus energy to transform water into water vapour through the leaves to cool it. However, when the soil is in water shortage, the tree perspires less, and as a consequence, there is an increase in leaf temperature when compared to trees in soil adequately wet. Water stress is a relevant indicator because the monitoring provides information for the adequate water supply of each tree species [74] [75] [76] [77] .
IRT detects the formations of new functional tissue. It was confirmed after dissection that the thermogram showed a band of higher wood formation in the area of the thermogram. This happens as a consequence of the adaptive growth of the change, because as Shigo (1984) has defined, the vascular cambium is the cell generator, and the new cells have different thermal properties from the other tissues [22] . This formation of new cells has different thermal properties than the other tissues. This tree had emptiness along the trunk that could also be observed in the thermogram. Catena and Catena [60] suggest that an adequate prognosis of the actual state of the tree requires the identification of the cause for tissue forming, that is, as result of damage and/or mechanical stress.
Advantages and Limitations of IRT Applicated to Trees
It is an advantage that IRT allows the tree to be observed as a whole, then the damage is early identified, even in trees that do not yet have external visual signs [52] . IRT requires little time to perform the inspection and is relatively easy to interpret the results. It does not require contact with the tree, and observations can be made at a distance of up to 25 m (depending on the camera and lens) safely. It is a safe technology for both the trees and the examiner as it does not emit harmful radiation. It is not necessary to use ladders or lifting platforms to observe the high parts of the tree; it reduces time and costs [60, 68, 78] . IRT also allows real-time assessment of root damage by observation of the lower trunk. It is a tool for stability and safety evaluation [69, 79] . It eases to monitor the health status of trees over time, following up the evolution of pathologies previously identified as well as the identification of new patterns that indicate the development of new pathologies [69] . However, the major advantage of IRT compared to other inspection methods is the ability to differentiate functional tissue from dysfunctional tissue. In fact, IRT provides information for analysing the vitality and health status of a tree in a non-destructive, rapid, and cost-effective manner [60] . In essence, agriculture has been mechanized by the green revolution and now, like any other industry, agriculture is being digitalized [80] . According to this study, most farmers are ready to accept technology if it is profitable, less complex, and makes their life easier. IRT may be one of the relevant components of smart farming and agriculture, as can better manage and help to carry out real-time events.
As in other non-invasive methods, the main limitation is that IRT does not identify whether the damage detected is a void or a deteriorated tissue, nor its causative agent. Nor can it give precise indications of the magnitude of the damage. However, the fact that IRT identifies damaged areas early, it reduces the tests time and thus the damage progression. The acquired data leads to a more precise investigation of the pathologies, and identify the locations where invasive techniques are required [11, 81] . Interferences are observed in thermograms when the surface of the tree is obscured by mosses or other vegetation, and when the tree is wet, or when IRT has been carried out directly to sunlight. Some of these limitations can be overpassed by avoiding inspections after rainy days or carry them out before the trees are watered. In the case of sunlight, the tests should preferably be performed at night. Another commonly noted limitation is the cost of the equipment when compared to simpler equipment. This is not the case when compared to more sophisticated equipment, or when multiple applications beyond the inspection of tree health are taken into account [60, 68, 78] .
A brief search result summary of IRT applied to tree health analysis is presented in Table 3 . Table 3 . A short summary of infrared thermography applied to tree health analysis.
Study
Main Focus Findings
Al-doski et al. [72] Pest detection. Pest infestation detected.
Ballester et al. [74] Water stress detection on citrus and persimmon trees.
Water stress detected.
Bellett-Travers & Morris [61] Relationship between surface temperature and radial wood thickness.
No apparent relationship in most of the trees; strong relationship when there was a gradual change in radial wood thickness caused by a cavity.
Burcham et al. [59] Effect of mechanically induced internal voids on Dracaena fragrans L. stem temperature.
Only able to identify reductions temperature in internal defects with at least 76% of the stem cross-sectional area.
Burcham et al. [70] Evaluate the relationship between the internal defects and trunk surface temperature in Casuarina equisetifolia L.
Does not provide accurate results about the internal condition of trees.
Catena & Catena [60] Review in order to assess the accuracy, reliability, and costs.
Does not automatically distinguish between different kinds of alteration; does not accurately provide the extent of the damages found; provides enough information to decide regarding the need for remedial action or a more detailed kind of assessment; non-invasive, fast, reasonable prices, in real time.
Catena, G. [68, 71] Internal cavities in trees detection. Enables the detection of cavities.
Catena, A. [79] and Catena et al. [69] Damages in the roots. Enables that damages in the roots can be deduced in real time.
Crisóstomo et al. [32] Considerations over IRT as applied to the state of the tree healthiness.
Enables healthiness evaluation.
Crisóstomo et al. [52] Quercus pygmentosis tree Analysis.
Evaluating its healthiness status.
García-Tejero et al [76] Water stress detection in almond trees.
Giuliani & Flore [77] Water stress detection in apple trees.
Goh et al. [29] Review of the current sensing methods used for decay detection in trees.
Comparing methods concerning the fundamental of measurements, hardware implementation, damage caused to the tree and the ease of use.
Hoffmann et al. [73] Detecting the larval stage of goat moth´s larvae in young tree species.
Was not able to detect.
Jones et al. [75] Water stress detection on grapevine.
Leong et al. [31] Evaluating the current tree decay detection tools.
Classifying the tree decay detection tools in terms of measurement speed, resolution and accuracy.
Conclusions
The IRT was presented as a tool to inspect tree health, and it has proved to be an efficient tool in the early detection of damages even though it is not possible to identify the type of damage. As well as other non-invasive and non-destructive techniques, the causative agent can be identified when resorting to invasive methods. However, the comparison of inspection methods has shown that IRT has great advantages in terms of the capacity to differentiate functional tissue from dysfunctional tissue, and thus to inspect the vitality and health status of trees. It allows monitoring the evolution of pathologies in a fast, economical, and non-destructive way. Result improvement can be achieved with the evolution and increased application of IRT.
Recommendations
Despite its merits, IRT is still a relatively new technique in assessing tree health and remains residually implemented in agriculture, but it needs more detailed studies to establish a solid application basis, which can guide practitioners. This would allow developing the IRT potential for applicability on a larger scale. Some challenges such as the complexity of the technique, the new and atypical aspects of the problem, and several knowledge gaps related to technical issues and applicability specificities the affect of the technique performance. The latest high-definition thermal cameras record thermal images of high resolution and sensitivity will also contribute to overcoming these challenges, which will help to turn the IRT technique as a decision-making tool to assess the health status of trees.
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